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The Plutella xylostella granulovirus (PxGV) genome DNA was sequenced and the predicted open reading frames (ORFs)
were compared to genes of the first-sequenced GV, Xestia c-nigrum GV (XcGV), and those from other baculoviruses and
organisms. PxGV DNA has a size of 100,999 bp with a G 1 C content of 40.7%. The analysis predicted 120 ORFs with a size
of 150 nucleotides or larger that showed minimal overlap. Blast searches followed by a comparison of ORF arrangement with
those of completely sequenced baculovirus genomes showed the presence of 102 homologs to other genes in the database.
Among them, 74 and 100 were homologous to genes of Autographa californica NPV (AcMNPV) and XcGV, respectively. A
striking feature of the relationship between the genomes of PxGV and XcGV was the conservation of the order and orientation
of homologous genes. Even though the XcGV genome is much larger than that of PxGV (178 vs 101 kb) and had many more
predicted ORFs (181 vs 120) with an average amino acid sequence relatedness of 42%, the order and orientation of almost
all homologous genes was conserved. The PxGV genome contained four homologous regions (hrs), each with 10 to 23
repeated sequences of 101 to 105 nucleotides containing a 15-bp imperfect palindrome in the center of the repeats. © 2000
Academic PressINTRODUCTION
The Baculoviridae are a large family of viruses with
circular, supercoiled, double-stranded DNA genomes of
between 90 and 180 kb. They are pathogenic for arthro-
pods, particular insects of the orders Lepidoptera,
Diptera, and Hymenoptera. Viruses similar to baculovi-
ruses are also pathogenic for a number of crustaceans.
They are classified into two genera: the nucleopolyhe-
droviruses (NPVs) have many virions occluded into large
crystalline occlusion bodies (OBs) (Rohrmann, 1999) and
the granuloviruses (GVs), which usually contain a single
virion per small granular OB (Winstanley and O’Reilly,
1999). Although the NPV pathogenic for the cabbage
looper Autographa californica (AcMNPV) is widely used
s an expression vector (O’Reilly et al., 1994) and bacu-
oviruses have been incorporated into pest management
rograms (Abot et al., 1994), DNA sequence analysis has
only recently begun to reveal the distinctive features of
baculovirus genomes and the extent of their diversity. In
addition to the AcMNPV sequence originally reported by
Ayres et al. (1994), four NPV genome sequences have
recently been described. These included NPVs patho-
genic for the Douglas fir tussock moth (Orgyia pseudo-
tsugata) (OpMNPV) (Ahrens et al., 1997), the gypsy moth
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358(Lymantria dispar) (LdMNPV) (Kuzio et al., 1999), the
silkworm (Bombyx mori) (BmNPV) (Gomi et al., 1999), and
the beet armyworm (Spodoptera exigua) (SeMNPV) (IJkel
et al., 1999). These investigations have revealed genome
sizes of 128–161 kb, G 1 C contents of 40–58%, and have
led to the prediction of from 139 to 163 open reading
frames (ORFs) in the different genomes.
Many NPVs have had adapted to cell culture, which
has resulted in extensive investigations on gene expres-
sion and function. In contrast, GVs are difficult to grow in
cell culture (Winstanley and Crook, 1993) and information
on the function of their genes has been limited. There-
fore, sequences of GV genomes are particularly impor-
tant in determining the genome content and will allow
prediction of virus functions by the identification of ho-
mologs of NPV genes within GV genomes. A major ad-
vance in our understanding of GVs and the extent of
baculovirus diversity was the first description of a granu-
lovirus genome, the common cutworm Xestia c-nigrum
(XcGV) (Hayakawa et al., 1999). At almost 179 kb and 181
predicted ORFs, it is by far the largest baculovirus ge-
nome reported to date.
Although the genome of XcGV is large, the infection of
X. c-nigrum is slow and requires 2 to 3 weeks to kill
infected insects and shows tissue tropism limited to the
fat body (Goto et al., 1985). In contrast, one GV of partic-
ular interest is pathogenic for the diamondback moth
(Plutella xylostella) (PxGV) (Asayama and Osaki, 1969;
Kondo and Yamamoto, 1998). The diamondback moth is
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359SEQUENCE ANALYSIS OF THE PxGV GENOMEa major pest of cruciferous crops and is widely distrib-
uted throughout the world. The history of the control of
this insect has reflected its exposure to pesticides; it has
developed resistance to a number of chemical pesti-
cides (Ho et al., 1983) and has also become resistant to
strains of the bacterial insecticide Bacillus thuringiensis
that have been used for its control (Ankersmit, 1975; Liu
et al., 1981; Tabashnik et al., 1994). Viruses which are
infectious to the P. xylostella have been suggested as an
alternative means for its control. Comprehensive patho-
logical studies of an isolate of PxGV have been per-
formed over the last two decades (Asayama and Osaki,
1969, 1970; Asayama and Inagaki, 1975a,b; Asayama,
1975, 1976). Hashimoto et al. (1996) have demonstrated
that PxGV is highly virulent for P. xylostella with LC50s in
he range of 9.75 3 105 to 9.55 3 106 (OBs/g diet), has a
very short lethal time (LT50 5 3.5 days for third instar
arvae) and infects a wide array of tissues in infected
arvae.
Recently, we established a comprehensive physical
ap of DNA of a PxGV K1 strain (Hashimoto et al., 2000).
At about 100 kb, the genome of PxGV K1 is significantly
smaller than that of XcGV and the NPV genomes that
have been sequenced. Therefore, because of both its
potential as an insect control agent and the contributions
it could make to understanding baculovirus diversity, we
have undertaken a program to determine the sequence
of the PxGV genome. Because of its small size and high
degree of virulence to its host insect, we thought that its
sequence would provide the basis for identifying the
genes involved in its pathology. In this report we de-
scribe the genome organization of the PxGV genome and
compare it to that of XcGV.
RESULTS AND DISCUSSION
Genome structure and overview of gene organization
An isolate of PxGV was cloned and subsequently am-
plified in P. xystella larvae. DNA was extracted and used
for the production of overlapping subclones in plasmid
vectors that were employed as templates for nucleotide
sequence determination. The PxGV genome was found
to have a size of 100,999 bp and a G 1 C content of 41%.
ajor predicted ORFs with a size of 50 amino acids and
arger that showed minimal overlap were identified and
re shown diagrammatically in a linear format in Fig. 1.
his selection yielded 120 ORFs, which, as with other
aculovirus genomes, showed no clear pattern of gene
rganization or orientation. Sixty-three (52.5%) of the
RFs were oriented to the right, whereas 57 (47.5%) were
riented to the left. The numbering of the ORFs was
egun with the left side of the physical map of the PxGV
enome, starting with the BamHI-J fragment (Hashimoto
t al., 2000). As has been reported in all baculoviruses to
ate, the PxGV genome possesses homologous regionshrs), each of which contains multiple copies of a repeat onit and are located at four regions interspersed on the
enome.
Blast homology searches, using amino acid se-
uences deduced from each ORF, demonstrated that
ome ORFs are homologs of genes from baculoviruses
r other organisms. In Fig. 1, the genes are numbered
equentially and if they show homology to a named
ene, the name is shown in parentheses. In Table 1 each
RF is listed and its relationship to homologs from other
aculoviruses is shown. ORFs, which did not show sig-
ificant homology in Blast searches, were further exam-
ned in terms of their size, orientation, and relationship to
ther genes on the genome map. One hundred two
omologs to genes in the database were identified,
hich represents 85.0% of the total ORF number of PxGV.
any of these genes likely have functions similar to their
omologs from other baculoviruses. Overall the PxGV
RFs showed 42.4% average identity with the homolo-
ous ORFs (100) of XcGV and 33.1% with those (74) of
cMNPV. ORFs showing the highest amino acid identi-
ies to XcGV genes are homologs of ubiquitin (Px42),
8%, and granulin (Px4), 87%. Other highly conserved
RFs include Px52 (Xc79 [Ac38]) and Px40 (Xc50, [Ac106/
07]) at over 73% and odv-e25 (Px74, Xc99 [Ac94]), Px86
Xc120 [Ac81]), lef-9 (Px99, Xc139 [Ac62]), and lef-8
Xc109, Xc148 [Ac50]) at over 60% identity to their XcGV
omologs.
omparison of gene organization in PxGV, XcGV, and
cNPV genomes
Although closely related NPV genomes such as AcM-
PV, BmNPV, and OpMNPV show a high degree of co-
inearity of homologous genes in their genomes, this
elationship is not preserved over many of the genomes
f SeMNPV and LdMNPV (IJkel et al., 1999). To examine
he conservation of the genome organization between
xGV and XcGV, the ORFs were compared in a graphical
ormat (Fig. 2). In these analyses, the genes for each
irus were plotted on the x or y axes and the relative
osition and orientation of its homolog are shown on the
raph. The genes oriented in the same direction are
hown in open circles and those in reverse orientation to
ne another are shown in shaded circles. The position of
he granulin/polyhedrin gene shown in a closed square
s in the lower-left corner of the graph. These compari-
ons enable an examination of the gene order and rel-
tive location of homologous and nonhomologous genes
n each genome. Because the XcGV genome is much
arger than that of PxGV, there are a number of gaps in
he graph, which represent the lack of homologous
enes between the viruses. The homologs consist of
iscontinuous clusters with two major gaps on XcGV
enome, which correspond to Xc57 to Xc76 and Xc149 to
c168. Only 8 of the 100 homologs are present in the
pposite orientation on the genomes. Despite the fact
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)that the two GV genomes show a high degree of se-
quence variability (average identity of 42%), with almost
an 80-kb difference in genome size and gene content,
the genes fall on a diagonal line, indicating that their
relative location has been conserved. The maintenance
of this conserved genome organization suggests that it
may play a critical role in gene expression or genome
replication.
To further examine the relationship of gene organiza-
tion among more diverse baculoviruses, the homologous
genes from PxGV and AcMNPV were compared (Fig. 2b).
Of the 74 homologous genes, 27, including 8 located
within Ac75 to Ac83, 13 located within Ac89 to Ac103,
and 6 located within Ac141 to Ac147, are clustered in a
continuous diagonal line. A number of other small clus-
ters of homologs are present, but are not likely to be
continuous; rather, they represent clusters of homologs
moved from one position to the other on the genome. A
similar observation on the clustered homologs repre-
sented by three groups of AcMNPV genes has been
confirmed in homologs between PxGV and other bacu-
loviruses (Table 1) and may be a common feature among
lepidopteran baculoviruses (Heldens et al., 1998; IJkel et
al., 1999).
Homologous regions
A common feature of all the baculovirus genomes that
have been sequenced is the presence of homologous
regions, or hrs (Cochran and Faulkner, 1983; Majima et
l., 1993). Hrs contain sequences of repeated DNA that
are present in five to 13 different locations in the genome.
In NPVs, they contain a core 30-bp imperfect palindrome
that is located within a direct repeat (Kool et al., 1995). In
several NPVs, they have been shown to act as enhanc-
ers of RNA polymerase II-mediated transcription of bac-
ulovirus early promoters (Theilmann and Stewart, 1992;
Guarino and Summers, 1996) and also serve as origins of
DNA replication in transient assays (Pearson et al., 1992;
rhrens et al., 1995; Kool et al., 1995). The PxGV genome
contains four hrs, designated hr1, to hr4 (Fig. 3). The
locations of the hrs are not conserved among baculovi-
ruses in terms of their relationship to flanking genes,
except one hr is often located near the homolog of Ac83
(Kuzio et al., 1999). This pattern appears to be loosely
conserved in the PxGV genome because Px84, the Ac83
homolog, is located just two ORFs upstream of hr3 (Table
1). This likely reflects that hr3 is located in a region that
is highly conserved among all sequenced lepidopteran
baculovirus genomes (see above and Fig. 2b).
The distances between PxGV hr1 and hr2, and hr3 and
hr4 are similar to each other (Fig. 3). Both hrs 1 and 2 are
bout 2 kb distant, whereas hrs 3 and 4 are about 1 kb.
igure 3 shows alignments of the hr repeated se-
uences. The length of the repeat unit is 101 to 105 bp.
r1 possesses 21 complete repeats and five partial re-
363SEQUENCE ANALYSIS OF THE PxGV GENOMEpeats (four upstream and one downstream of the core
region); hr2 possesses 23 repeats, including two incom-
plete upstream and two incomplete downstream of the
core region; hr3 possesses 11 repeats, including three
partial repeats (two upstream and one downstream); and
hr4 possesses 10 repeats, within which two repeats are
incomplete.
The G 1 C content of the hrs is 28%, which is signif-
icantly lower than that of the genome (40%). The consen-
sus sequences of repeat units indicate that hr1 and hr3,
and hr2 and hr4 are in the same orientation to each
other, but the two sets are oriented in opposite direc-
tions. The consensus sequences of the repeats are
highly conserved and possess a 15-nucleotide palin-
drome near the center. This sequence is not clearly
FIG. 1. Organization of PxGV genome. A linear genome based on th
al., 2000). One hundred twenty ORFs are represented as numbered
homologous to characterized baculovirus genes are indicated in paren
and their names. Physical maps for HindIII, PstI, and XhoI and a scalerelated to the palindromes of NPVs, although a distantrelationship cannot be ruled out. Compared to NPVs, the
PxGV hrs are larger, contain more repeat units, but have
a smaller palindromic region. However, the hrs of PxGV
appear more similar to those from lepidopteran NPVs
than to those of XcGV, which lacks a distinct palindromic
core sequence. Although the presence of four hrs is the
smallest number reported in a baculovirus genome to
date, it may simply reflect the small size of the PxGV
genome. Furthermore, with a size of about 6 kb, the PxGV
hrs comprise a significantly larger percentage of the
genome than those found in other baculoviruses.
Genes specific to GVs and unique to PxGV
Genes conserved in PxGV and XcGV but not in AcM-
lar physical map of PxGV previously reported is shown (Hashimoto et
rrows showing their direction on the genome. The names of ORFs
. Four PxGV homologous regions (hrs) are represented by open boxes
re shown below the ORFs.e circu
black a
theses
bar aNPV, BmNPV, OpMNPV, LdMNPV, and SeMNPV are
364 HASHIMOTO ET AL.listed in Table 2. These genes, 25 in all, include ho-
mologs of a gene reported from another granulovirus
(Cydia pomonella GV [CpGV] Cp16L) (Kang et al., 1997).
FIG. 2. Comparison of the PxGV gene organization between XcGV an
XcGV orfs (see Table 1) are plotted based on their relative location in t
vertical and horizontal axes. Homologs with the same or opposite dir
respectively. Granulin/polyhedrin genes are shown as closed squares.
Homologs that are in a distant location from clustered ones are repres
are organized as in (a), except for indication of homolog names.Two copies of Cp16L homolog are located contiguouslyon the XcGV genome, but are separated by two genes in
the PxGV genome. Px35 has homology to metalloprotein-
ase (Brooks et al., 1996; Goto et al., 1998), which may
NPV. (a) Comparison of PxGV and XcGV ORFs. Homologs of PxGV and
ome. PxGV and XcGV ORFs with no homologs are aligned beside the
based on the physical map are shown as open and shaded circles,
lustered in groups of three or more are indicated by the inclusive lines.
y their names. (b) Comparison of PxGV and AcMNPV ORFs. The plotsd AcM
he gen
ection
ORFs c
ented bcontribute to the proteolysis of infected tissue, thereby
365SEQUENCE ANALYSIS OF THE PxGV GENOMEfacilitating release of virus OBs. Since a viral cathepsin
(Slack et al., 1995) homolog is present in XcGV, but not in
PxGV, the metalloproteinase homolog may play an im-
portant role in the breakdown of insect tissues during
PxGV infection.
The PxGV genome contains 18 ORFs that were not
found in either XcGV or five NPVs that have been se-
quenced (Table 3A). These ORFs showed no significant
homology to protein sequences in GenBank and, there-
fore, may be unique to PxGV. In contrast, the XcGV
genome contains 53 ORFs with no homologs to se-
quences in the database. The regions of the genome
coding for the ORFs that appear to be unique to PxGV
accounted for about 11 kb, or 11% of the genome. This is
much smaller than that for the unique genes of XcGV (44
kb, or 25% of the XcGV genome). The 101-kb PxGV ge-
nome is the smallest baculovirus genome so far se-
quenced and is about 78 kb shorter than XcGV and about
33 kb shorter than the AcMNPV genome. The limited
number of unique ORFs appears to be a contributing
factor to the compact size of the PxGV genome.
Genes absence in GVs but present in five NPVs
Fifteen genes are found in the genomes of AcMNPV,
BmNPV, LdMNPV, and OpMNPV, and 16 in SeMNPV, but
are not found in PxGV and XcGV (Table 3B). These genes
may encode features unique to NPV replication, pathol-
ogy, or structure, or they may have homologs in NPVs but
have evolved to such an extent that their relatedness
cannot be determined with confidence. There appears to
be no homolog of p80/p87 capsid protein (Mu¨ller et al.,
1990), which may reflect structural differences between
occluded virions. The GVs also appear to lack a homolog
of the polyhedron envelope/calyx protein (Russell and
Rohrmann, 1997).
During NPV infections a sequential rearrangement of
the actin cytoskeleton occurs, which has been shown to
involve the expression of a gene called arif-1 (Roncarati
and Knebel-Morsdorf, 1997) and which appears to be
absent in the GV genomes. It is not clear whether such
an actin rearrangement occurs during GV infection. How-
ever, the merging of the nucleus with the cytoplasm
during GV infection may result in a different mechanism
of cytoskeletal involvement.
Other ORFs lacking in the GV genomes include PKIP-1,
which interacts with and stimulates the activity of a
virus-encoded protein kinase (Fan et al., 1998) and which
is present in GVs. Px39 may be an alternative since
PKIP-1 and Px39 both have a kinase-anchoring domain.
Other baculovirus genes not present in the PxGV
genome
PxGV lacks a homolog of gp64, the budded virus
envelope fusion protein of a variety of NPVs, including
AcMNPV, OpMNPV, and BmNPV (Blissard and Rohr-mann, 1989; Whitford et al., 1989). Gp64 is also absent
from the genomes of LdMNPV, SeMNPV, and XcGV (Ku-
zio et al., 1999; IJkel et al., 1999; Hayakawa et al., 1999).
Recently an envelope fusion protein called Ld130 has
been described for LdMNPV (Pearson et al., 2000). A
homolog of Ld130, Px26, is present in the PxGV genome
and has the properties predicted for a membrane pro-
tein, including a signal sequence at its N-terminus and a
transmembrane domain near its carboxyl terminus.
Similar to the XcGV domain, PxGV lacked a number of
genes that have been shown to be required for late gene
expression in AcMNPV (Li et al., 1993; Passarelli and
Miller, 1993a–c; Lu and Miller, 1994; Morris et al., 1994;
Passarelli et al., 1994; Todd et al., 1995, 1996). These
include lef-7, -10, -12, p35, ie-2, and hcf-1. P35 is an
inhibitor of apoptosis; this role may be accomplished by
the inhibitor of apoptosis (iap) gene homologs (Px88 and
Px118), which carry out this function in other baculovi-
ruses lacking p35 (Crook et al., 1993; Birnbaum et al.,
1994).
Other genes that are absent in PxGV but often found in
other baculoviruses include a gp37 homolog, which is
related to a spindle protein-encoding gene of ento-
mopoxviruses (Yuen et al., 1990), chitinase (Hawtin et al.,
1995), and p26, whose function is unknown (Liu et al.,
1986).
PxGV also lacks homologs of baculovirus repeated
genes such as bro (Kuzio et al., 1999), enhancin (Hashi-
moto et al., 1996), and xcrep1 and -2 (Hayakawa et al.,
1999).
Repeated genes present in PxGV
Table 3C shows a list of repeated genes present in
PxGV. Two copies of homologs of Cp16L are present
(Px20 and Px23). These ORFs are also repeated in XcGV
(Hayakawa et al., 1999). The function of these genes has
yet to be determined.
There are three apparent homologs of the p10 gene
including Px2, Px21, and Px50. Previous studies on p10
have demonstrated that it is a component of fibrillar
bodies that are associated with OB morphogenesis and
is also involved in the lysis of cells in the late stage of
infection (van Oers and Vlak, 1996). Although P10s are
not highly conserved at the amino acid sequence level
(Zuidema et al., 1993), a number of structural features in
common to P10s have been described (Wilson et al.,
1995). These include a heptad repeat of hydrophobic
amino acids (hydrophobic residues, a and d, in a heptad)
in the N-terminal region, a hydrophilic region rich in
proline residues in the middle, an abundance of basic
amino acid residues in the extreme C-terminus, and the
absence of cysteine, tryptophan, and histidine residues.
Px2 showed low but significant similarity to P10 of Spo-
doptera litura NPV (SlituNPV).A careful examination of the amino acid sequence of
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367SEQUENCE ANALYSIS OF THE PxGV GENOMEPx2 showed two repeats, consisting of four noncontigu-
ous heptads and four contiguous heptads in the N-
terminal half and C-terminal half, respectively; the latter
heptad repeat was predicted to form an a-helical coiled-
coil structure. However, other structural features attrib-
uted to P10 amino acid sequences could not be detected
in Px2 and the late gene transcription motif was absent
within the sequence 160 bp upstream of the initiation
codon of p10. Recently, the filament-associated late pro-
ein of entomopoxviruses (FALPE), which may have a
unction similar to the suggested role of P10 in OB
orphogenesis, was described (Alaoui-Ismaili and Rich-
rdson, 1996). FALPE also shares some structural fea-
ures with P10, including a predicted helix in the N-
erminal region, a proline-rich central region, and a basic
-terminal tail, but no significant amino acid sequence
imilarity is evident. Px21 and Px50 also have a large
omain predicted to adopt an a-helical coiled-coil struc-
ture and are considered potential p10 homologs. Similar
and supporting observations have been reported in
XcGV (Xc5, -39, and -83) (Hayakawa et al., 1999) and
CpGV (CpORF17R) (Kang et al., 1997).
Px12, Px59, and Px68 are homologs of Ac145/150.
Blast searches demonstrated a number of homologs
present in baculoviruses and entomopoxviruses, but not
in vertebrate poxviruses. In entomopoxviruses, these
ORFs contain a six-cysteine motif (Dall, 1998). Px59,
Px68, Xc87, and Se96 are deficient of the first cysteine
residue within the motif. Interestingly, a large number of
insect proteins that have an apparent chitin-binding ca-
pacity also have the six-cysteine motif (Dall, 1998).
Px56 and Px104 showed homology to human fibroblast
FIG. 3. Nucleotide sequences of PxGV hrs. Each hr sequence is re
genome coordinates for the beginning and end. Based on a repeat of a
or partial repeats present in peripheral of hrs are considered as a part
bottom of each hr sequence. Uppercase and lowercase letters indicat
total (con total) was obtained by using opposite strand of consensus se
with a stem of 7 bp is underlined.growth factor 1 (hFGF1) (Sutherland et al., 1996) or itsbaculovirus homologs (Ayres et al., 1994). Homology is
more evident with Px104 than with Px56, which is closely
related to Xc85 that was not identified as an hFGF1
homolog (Hayakawa et al., 1999).
Genes indicating new sequence features
In determining homologs of PxGV ORFs, some ORFs
have been found to possess sequence features not pre-
viously described in baculovirus genes. Px52 has a mut-T
domain signature (G-5aa-E-4aa-[STAGC]-[LIVMA]-1aa-
RE-[LIVMF]-1aa-EE), which is also retained in Xc79 (Maki
and Sekiguchi, 1992). Proteins from microorganisms to
humans have been identified that contain the mut-T do-
main and have been shown to possess the capacity to
hydrolyze 7,8-dihydro-8-oxo-dGTP to monophosphate,
thus avoiding the incorporation of 8-oxo-7,8-dihydrogua-
nine into nascent DNA. This capacity reduces a frequent
error in DNA replication caused by AT to GC transver-
sions. The mut-T motif is present not only in Xc79, but
also in NPV genes (Ac38, Bm29, Ld46, Op7, and 22) that
are homologous to Px52. However, they possess an
irregular mut-T motif; the second conserved residue,
glutamic acid (E), is replaced by aspartic acid (D) and the
following intervening sequence is five rather than four
aa. The aa underlined in the preceding consensus se-
quence are conserved in the baculovirus genes.
Revision of GV gene homologs
The size, orientation, relationship to other genes on
the PxGV and XcGV genome maps, and alignments of
their amino acid sequences has led us to revise our
ted by multiple repeats as oriented on the physical map showing the
m size, nucleotide gaps in partial repeats are shown by (-). Incomplete
he consensus sequence for each hr (hr1–4 con) is represented at the
letely and partially conserved nucleotides, respectively. A consensus
s of hr2 and hr4 and is shown at the bottom of the figure. A palindromepresen
maximu
of hr. T
e comp
quenceconclusions regarding the relationships of three granu-
hh
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368 HASHIMOTO ET AL.lovirus genes determined from the XcGV genome analy-
sis (Hayakawa et al., 1999). Px94 is located adjacent to a
omolog of DNA polymerase (dnapol) (Px93) and shows
homology (22% aa identity) to an internal region covering
TABLE 2
ORFs Conserved in PxGV and XcGV but Not in AcMNPV, BmNPV,
LdMNPV, OpMNPV, and SeMNPVa
PxGV XcGV Name
8 (175) 7 (187)
9 (93) 8 (86)
20 (235) 17 (187) Cp16L
23 (131) 18 (153) Cp16L
24 (338) 25 (449)
25 (431) 26 (370)
28 (210) 29 (170)
31 (129) 34 (113)
34 (133) 39 (149)
35 (402) 40 (469) metalloproteinase
38 (153) 47 (220)
44 (130) 54 (110)
57 (100) 86 (115)
65 (152) 169 (144)
82 (340) 113 (373)
83 (69) 116 (123)
90 (175) 124 (180)
97 (194) 136 (171)
102 (61) 142 (88)
103 (66) 143 (66)
110 (114) 165 (118)
113 (198) 172 (378)
114 (109) 173 (67)
116 (59) 176 (70)
117 (249) 178 (332)
a ORFs are represented by their numbers and amino acid residues in
arentheses. Three ORFs homologous to previously described GV
enes are shown in the last column.382 aa of a human desmoplakin (desmoplakin I), which
ORF numbers are shown in parentheses.is an essential constituent of intracellular junctions
(Green et al., 1990). It is not clear what role Px94 may
contribute to the viral infection, but homologous genes
with relatively low identities are present next to dnapol in
XcGV (Xc133), AcMNPV (Ac66), and other NPVs. There-
fore, we believe that Px94, Xc133, and Ac66 are ho-
mologs.
Px95 is also located in this highly conserved region in
the position of the lef-3 gene. Px95 displays a low level of
omology to a large region of lef-3 of AcMNPV (20% aa
dentity, over 238 aa in 385 aa), but did not show signif-
cant homology to lef-3 homologs in other NPVs. The
Px95 homology in XcGV (Xc134) is also located in the
same region of conserved genes. Therefore it is possible
that Px95 and Xc134 are homologs of lef-3, but they have
undergone extensive sequence divergence. LEF-3 has
the properties of a single-stranded DNA-binding protein
(Hang et al., 1995). In addition, Wu and Carstens (1998)
demonstrated that lef-3 is required for the transport of
helicase into the nucleus. The fact that the nuclear mem-
brane appears to be eliminated during GV infections may
have led LEF-3 to lose its transport function in these
viruses.
Finally, Px15 is a likely homolog of ie-0 (Ac141) (Kovacs
et al., 1991). It is located in the same position relative to
ie-1 of other baculoviruses and shows a low level of
sequence identity to Ac ie-0. Xc14, the Px15 homolog,
shows similar position and sequence relationships to
Px15 and, therefore, we have concluded that both these
genes are likely to be related to ie-0.
Genome content comparison between PxGV and
XcGV
A comparison of the relative genome content of a
number of categories of sequences in PxGV and XcGV
demonstrated that PxGV has a relatively high content ofTABLE 3
Features of Baculovirus Gene Content
A. 18 ORFs unique in PxGVa
1, 3, 5, 18, 19, 22, 27, 33, 39, 48, 58, 62, 77, 81, 105, 108, 111, 119
B. ORFs conserved in AcMNPV, BmNPV, LdMNPV, OpMNPV and SeMNPV, but not in PxGV and XcGVb
Ac 17 Ac 18 Ac 19 Ac 20/21 (arif-1)
Ac 24 (pkip-1) Ac 26 Ac 34 Ac 55
Ac 57 Ac 58/59 Ac 104 (p80/p87-Capsid) Ac 108
Ac 120 Ac 131 (pe/pp34/calyx) Ac 136 (p26)c
C. Repeated ORFs of PxGVd
p10 (2, 21, 50) Ac 145/150 (12, 59, 68)
CpGV 16L (20, 23) fgf (56, 104)
a ORFs are represented by number.
b ORFs are represented as AcMNPV genes with their ORF numbers. Genes previously characterized are shown in parentheses.
c SeMNPV has two copies of p26 homolog.
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369SEQUENCE ANALYSIS OF THE PxGV GENOMEgenes that are conserved in all baculoviruses (60%) (Fig.
4). This result is likely because of the limited size of the
PxGV genome. The content of the non-hr intergenic se-
quence of the PxGV genome is much less (4%) compared
with that of XcGV (9%). In contrast, the hr content of PxGV
is much higher (7%) than that of XcGV (3%), despite a
marked difference in genome sizes (80 kb). This sug-
gests that these structures play a critical role in baculo-
virus biology and a reduction in their size may be dele-
terious to the virus.
The genomes of PxGV and XcGV represent the ex-
treme in sizes of baculoviruses that have been charac-
terized to date. The size difference may be reflected in
the infection cycles of the two viruses that are radically
different in the insects with which they are associated.
PxGV is highly virulent and infects many tissues. In
contrast, XcGV is much less virulent for its apparent host,
taking up to a month to kill infected larvae, and the
infection appears to be limited to the fat body (Federici,
1997). It may be advantageous for a virus to evolve to
become less lethal because it allows its host to grow,
thereby providing a greater amount of tissue that can be
devoted to virus replication. It is possible that many of
the genes that XcGV contains in its genome have been
accumulated because they modulate the infection and
allow for the host insect to survive for a significantly
FIG. 4. A comparison of genome contents of PxGV and XcGV. Per-
centages represented by each sector show DNA consisting of ORFs
conserved in PxGV, XcGV, AcMNPV, LdMNPV, OpMNPV, and SeMNPV
(a); ORFs conserved only in PxGV and XcGV (b); ORFs unique to PxGV
or XcGV, or shared between 2 GVs and 4NPVs (c); hrs (d); and non-hr
intergenic sequence (e).longer time than those infected with PxGV. This would wsuggest that PxGV has retained genes that are the min-
imum essential for replication, which results in a highly
virulent infection throughout many insect tissues.
MATERIALS AND METHODS
Virus, virus cloning, and insects
The PxGV isolate, a gift from Dr. Kondo, was isolated
from a diamondback moth larva from a cabbage field in
Hikone City, Shiga Prefecture, in June 1994 (Kondo and
Yamamoto, 1998). The virus was cloned by consecutive
per os infection of a diluted OB suspension through
diamondback moth neonates (Hashimoto et al., 1999). An
isolate exhibiting a single genotype, which was con-
firmed by restriction endonuclease analyses, was desig-
nated as the PxGV K1 strain. Propagation of the virus
was carried out by feeding an artificial diet (Miyasono et
al., 1992) contaminated with PxGV OBs (0.1 ml equivalent
to 108 OBs/g diet) to third instar larvae.
lasmid library construction and DNA sequence
etermination and analysis
Purification of OBs, extraction and restriction endonu-
lease analysis of viral DNA, and construction of the
lasmid (pBluescript; pBS) library of the viral DNA were
arried out as described by Hashimoto et al. (2000). The
NA templates were derived from EcoRI, HindIII, and
stI libraries and subclones generated using other en-
ymes. In these three libraries, the PstI-K fragment (3.2
b, 44.6–47.4 map units [m.u.]) was missing. Plasmid
lones used as templates for sequence determination
ere chosen randomly from the DNA libraries. DNA
emplates were purified by PEG precipitation. FITC-la-
eled primers including pBS forward, reverse, and inter-
al primers were purchased (Cruachem, Kyoto, Japan).
equencing reactions were carried out using a Thermo
equenase fluorescent-labeled primer cycle sequencing
it (Amersham, Buckinghamshire, UK) and were ana-
yzed using an automated sequencer (DSQ-1000L, Shi-
adzu, Kyoto, Japan). Each DNA strand was sequenced
hree or more times in each direction using different
rimers.
The nucleotide sequence data were analyzed using
enetyx-Win ver. 3.02 (Software Development, Tokyo,
apan). ORFs described in this report were those pre-
icted to have 50 or more amino acid residues and with
inimal overlaps with other ORFs. Homology searches
f amino acid sequences were carried out using the
LAST protocol (BlastP 2.0.7, released on December 21,
998 (Altschul, 1990)) and recent protein databases (all
onredundant GenBank CDS translations 1 PDB 1
wissProt 1 PIR 1 PRF on April 2000).
ucleotide sequence accession number
The nucleotide sequence data reported in this study
ill appear in the GSDB, DDBJ, EMBL, and NCBI nucle-
370 HASHIMOTO ET AL.otide sequence databases under accession no.
AF270937.
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